This paper takes the ultra-fine grain AZ80 magnesium alloy multi-directionally forged as the research object. We observe its heating behavior at 673 K with an optical microscope, analyze the grain size distribution, and the change of average grain size and hardness with different heating time, study the effect of heating time on the grain size change of ultra-fine grain AZ80 magnesium alloy, deduce and verify the grain growth model of ultra-fine grain AZ80 magnesium alloy during its heating process. The research results show that the 24-pass multi-directional forging can make ultra-fine grain AZ80 magnesium alloy of an average grain size of 0.73 μm. When ultra-fine grain AZ80 magnesium alloy is isothermally heated at 673K, its average grain size grows continuously as time extends. Its average grain size and hardness fall into two stages as the heating time changes, namely rapid grain growth stage and stable grain growth stage. If the heat preservation time is less than 300 s, the average grain size grows rapidly as temperature rises; When the heat preservation time reaches 300 s, the grain growth speed will be stable. A grain growth model is established for AZ80 magnesium alloy, which is D 2.8932 = D0 2.8932 + 4.09086 × 10 -3 t 1.6284 under the conditions of isothermal heating, whose computed result well coincides with the measured value.
INTRODUCTION


As the lightest structural metallic materials in current practical applications, magnesium and its alloy have high specific strength and specific stiffness superior to steel and aluminum, excellent thermal conductance and machining properties, and can be easily recycled. They can be used in 3C, automobile, aerospace and other fields, and are attracting more and more attention [1 − 3] . But the frequently used magnesium alloy has a close-packed hexagonal (HCP) crystal structure, with only two independent slip systems at room temperature, and the disadvantages of poor plasticity and being difficult to be molded and processed. Therefore, in order to make magnesium alloy applied more extensively, it is one of the research hotspots of wrought magnesium alloy to find a suitable process to improve its plasticity. Among them, as an important means to improve the plasticity of magnesium alloy, grain refining not only can improve its plasticity to a certain extent, but also can enhance its strength [4 − 5] . When grain size is refined to the ultra-fine grain state of submicron, magnesium alloy has superplasticity even at room temperature [6 − 7] . In the wrought magnesium alloy field, equal channel angular pressing (ECAP) [8, 9] , multi-directional forging (MDF) [10, 11] , accumulative roll-bonding (ARB) [12, 13] and other severe plastic deformation modes are mainly used to make magnesium alloy of fine grains microstructure at the current stage.
The plastic working structure of metallic materials is usually in the nonequilibrium state, especially there is often multiple heating deformation during the severe plastic deformation process. The temperature variation between multiple heating is bound to cause the change in material microstructure, while the most obvious change is the growth of material grain. Grain growth inside the workpiece is a negative phenomenon, which will cause the reduction of mechanical properties and useful life of materials. Some scholars have conducted extensive studies on the grain growth phenomenon of different materials and established different growth models [14 − 21] .
However, studies on the grain growth rules of AZ80 magnesium alloy in the hot working process are rarely reported. Since the structure heat stability of fine grain magnesium alloy materials is of great importance to their engineering application, this paper will take ultra-fine grain AZ80 magnesium alloy after multi-directional forging deformation as the research object, and establish a mathematical model which describes the grain growth rules of ultra-fine grain AZ80 magnesium alloy under isothermal conditions based on existing theory models to provide theoretical basis for hot working technology and subsequent heat treatment process to control and regulate the grain size of magnesium alloy, thus getting magnesium alloy with the required mechanical properties.
EXPERIMENT
Material used in the experiment is commercial AZ80 magnesium alloy sheet with a thickness of 15 mm. Its chemical component (mass fraction, %) is Al 8.48, Zn 0.55, Mn 0.32, Cu 0.003, Si 0.05, Fe 0.003 and Mg of the remaining fraction. The sheet is cut into cuboid sample of 18 mm × 16.5 mm × 15 mm with wire electrode, and its height is the same as rolling direction.
Fig. 1. Schematic diagram of multi-directional forging
The forging experiment is conducted on a hydraulic testing machine with a controllable deformation speed. Firstly, the sample is heated in a resistance furnace at 673 K for 5 minutes, then it is multi-directionally forged at a deformation velocity of 9 mm/s, and the initial forging axis is parallel to the rolling streamline. As is shown in Fig. 1 ., the forging direction changes successively following the three vertical directions, with a true strain of Δε = 0.18 for each pass. After each pass being finished, the sample is reheated at 673 K for 5 minutes, and then be forged for the next pass. When the deformation reaches the set value, stop deforming and conduct water quenching.
The sample forged is cut into n equal parts, and is isothermally heated at 673 K, with a heat preservation time of 60 s, 120 s, 210 s, 300 s, 600 s, 1200 s, 1800 s, 3600 s, 5400 s, 7200 s and 9000 s respectively. Then the heated sample is mechanically lapped and polished, and is corroded with the mixed solution formulated with 1g oxalic acid, 1mL acetic acid, 1mL nitric acid and 100mL distilled water. Its microscopic structure is analyzed with an OLYMPUS-GX71 optical microscope, and the average grain diameter with Image Pro Plus image analysis software is determined.
RESULTS AND ANALYSIS
Microscopic structure
The microscopic structure of the sample before and after multi-directional forging is as shown in Fig. 2 . The microscopic structure of the original sheet metal is as shown in Fig. 2 a, which is coarse with an average grain size of about 48.5 μm. The sample cut with wire electrode is conducted 24-pass multi-directional forging after being heated, and its accumulated strain capacity Σε reaches 4.32 at this moment. Quenching of the deformed sample is immediate, and the deformed microstructure reserved is as shown in Fig. 2 b. There is even fine grain structure formed in the sample with an average grain size of 0.73 μm. According to Fig. 2 , multi-directional forging makes the grain refined intensively.
When the sample has an accumulated true strain capacity of 4.32, its microscopic structure after being heated at 673 K under different time conditions is as shown in Fig. 3 . According to Fig. 3 , when its heat is preserved for 60 s at 673 K, the deformed microstructure generated after forging starts to produce static recrystallization with thermal activation, and some grains grow, but the static recrystallization is incomplete and deformed microstructure still exists, and the average grain size increases to 0.96 μm. As the extension of heating time, the original forging deformation microstructure is gradually replaced by new globular grains. The growth phenomenon of a little individual grains emerges when the heat is preserved for 120 s, as is shown in the dotted line circle of Fig. 2 b, and the average grain size grows to 2.01 μm. When its heat is preserved for 210 s, the heated microscopic structure is as shown in Fig. 2 c, which shows obvious grain growth in comparison with Fig. 2 b, and the globular grain grows to 4.95 μm. When the heat preservation time exceeds 210 s, with the rise of temperature, the deformed microstructure in the material disappears completely and the recrystallization finishes. The grain growth will slow down for reduced driving force, and it is a stable coarsening process, generating equiaxed grain structure completely recrystallized as is shown in Fig. 2 c -j. a b Fig. 2 . Microscopic structure of AZ80 magnesium alloy before and after forging deformation: a -microscopic structure of AZ80 sheet metal; b -microscopic structure of AZ80 sheet metal after 24-pass forging
The relationship between the change of average grain size and hardness of ultra-fine grain AZ80 magnesium alloy with different heat treatment time is as shown in Fig. 4 . According to Fig. 4 , when t is less than 300 s, the average grain size and hardness change rapidly as temperature varies; when t is more than 300 s but less than 9000 s, the average grain size and hardness change relatively slowly as temperature varies, the hardness decreases with the increase of average grain size, and the speed decrease trend also coincides with the growth speed trend of average grain size, which basically conforms to Hall-Petch relation. The value 300 s is the change demarcation point of average grain size and hardness, and it divides the heating process of ultra-fine grain AZ80 magnesium alloy into two zones. Zone I is the rapid growth process of recrystallized grain, and Zone II is the normal grain growth process.
Kinetic study on grain growth
It is essential to establish a mathematical model for studying the behavior of AZ80 magnesium alloy grain growth. According to relevant documents, the grain growth trend of magnesium alloy and austenite are basically the same, so this paper adopts a relatively universal austenite grain growth model to explore the growth model of magnesium alloy grain. The two models presented by Sellars [22] and Anelli [23] respectively, namely Eq. 1 and Eq. 2, are usually adopted to forecast the austenite grain growth model during the heating process.
where Dt refers to the grain size at t (μm), D0 refers to the initial average grain size (μm), T refers to heating temperature (K), t refers to heat preservation time (s), R refers to molar gas constant (8.314 J·mol -1 ·K -1
), Q refers to the activation energy for grain growth in the heat preservation process (J·mol -1 ), and A, B, n and m are constants, which depend on experimental data and are related to material type.
Based on overall consideration of Eq. 1 and Eq. 2, a relatively reasonable model is established to describe the grain growth rules of AZ80 magnesium alloy, which is expressed with Eq. 3: 
where K0 and R are constants, and Q is also constant on the precondition of a constant T, so Eq. 3 can be abbreviated as Eq. 4.
where
Fig . 4 . The relationship between the change of average grain size and hardness with different heat treatment time
To determine the constants in the model, Eq. 6 can be obtained from Eq. 5:
There are three unknown quantities n, K and m in Eq. 4 which cannot be directly determined by linear fitting, so the value of n will be given in advance in this paper, assume that n is equal to 0. The extreme value of Eq. 7 is found, when n is equal to 2.8932, the minimum value of function y(n) is obtained. Substituting n = 2.8876 into Eq. 6 and recalculating the value of K and gives m is equal to 1.8341 while K is equal to 4.09086×10 -3 . Then the grain growth model of ultra-fine grain AZ80 magnesium alloy can be obtained, as is shown in Eq. 8. (8) To verify the accuracy of grain growth model deduced above, Fig. 6 provides a contrast analysis diagram of grain size calculated from this model at different heat preservation time and actual measured result. According to the figure, the computed result is basically identical to the experimental result, and the determination coefficient of its predicted value and experimental value is 0.963, which shows this model can reflect the grain growth rules of ultra-fine grain AZ80 magnesium alloy. 
CONCLUSIONS
1. Multi-directional forging intensively refines the microscopic structure of AZ80 magnesium alloy sheet metal, and its average grain size reduces from 48.5 μm to 0.73 μm, the former is 66.4 times of the latter. Ultra-fine grain structure is thereby obtained. 2. The average grain size of ultra-fine grain AZ80 magnesium alloy grows continuously with the extension of heating time when it is heated at 673 K. When the heat preservation time is less than 300 s, fine grain component rapidly reduces as temperature rises, and grain grows obviously; When the heat preservation time reaches 300 s, the growth rate of grain tends to be stable. 
